Abstract: The efficiency of municipal biosolids (MB) and liquid swine manure (LSM) as fertilizers for old grass fields used for biomass production remains to be determined in northern areas. We determined the response of a 7 yr old grass field to organic and mineral N fertilization in two management zones. Soil and crop spatial variability was characterized, and two management zones were defined using soil electrical conductivity (EC). Nitrogen was applied at 160 kg total N ha −1 for 3 yr as MB, LSM, or mineral fertilizer (M) along with an unfertilized control. Seasonal dry matter (DM) yields were 61% with no N applied, 87% with MB, and 95% with LSM of that with M. The apparent N recovery with LSM (38%) and MB (27%) was less than with M (51%). Management zones did not differ in responses of DM yield and apparent N recovery to fertilization treatments. Fertilization treatments affected the number of species and the contribution of the main species to DM yield. We concluded that MB and LSM are valuable sources of N for biomass production from old grass fields in northern areas and EC-defined management zones are unlikely to improve N management in similar situations.
Introduction
Biomass production from different crops on fertile lands has been extensively studied (Kim and Dale 2005; Farrell et al. 2006) . Some biomass crops, however, compete for sites with those used for producing feeds and foods, and their use increases risks of pollution associated with the use of synthetic fertilizers and pesticides. In Canada, approximately 54% of potential agricultural land has major limitations for crop production (Environment Canada 1978) . Although marginal for annual crops, land with major limitations has a significant potential for biomass production from perennial crops. Degraded species-rich swards with limited inputs have been proposed for biomass production by Tilman et al. (2006) because of a 51% greater net energy gain per hectare than corn (Zea mays L.) and soybean (Glycine max (L.) Merrill).
Perennial herbaceous crops also have the potential to efficiently use N from organic amendments (Burns et al. 1990; McLaughlin et al. 2004) . Liquid swine manure is well known to be an alternative source of N for young (<4 yr) grass fields (Warman 1986; Chantigny et al. 2007 ), but there is little information on its potential for degraded old grass fields. Municipal biosolids (MBs) also represent a potential source of N for perennial biomass crops (Zebarth et al. 2000) . They usually have higher total N and P concentrations than animal manure but a lower total K concentration, which might be an advantage for producing biomass used for direct combustion. To our knowledge, the use of MBs for the production of biomass from perennial herbaceous crops in northern areas has not been studied.
Forage dry matter (DM) yield and N requirements are influenced by several soil factors (e.g., soil pH, organic matter, and drainage) and can vary widely within a field (Gagnon et al. 2003) . Variability within old grass fields has received little attention. Understanding within-field variation and its relationship with crop N response may substantially increase input effectiveness, average biomass yield, and may provide economic and environmental benefits (Di Virgilio et al. 2007 ). Many strategies exist to characterize the within-field variability of soils but the use of proximal or remote sensors is commonly most efficient (Zebarth et al. 2012) . Soil apparent electrical conductivity (EC) instruments and airborne or satellite imagery can rapidly provide detailed information about soil variability that can then be used to define management zones, that is, smaller homogeneous units within a field in which uniform management can be applied (Cambouris et al. 2014) . Delineation of management zones requires measurements that are easy to make and inexpensive, temporally stable (yearly consistent), and closely related to crop yield (Khosla et al. 2010) . Soil apparent EC instruments have been successfully used to delineate soil management zones (Cambouris et al. 2006) . The approach of within-field management zones has been used in several crops, including potato (Solanum tuberosum L.) (Cambouris et al. 2006) , corn, and wheat (Triticum aestivum L.) (Smith et al. 2006 ). To our knowledge, however, it has never been tested in old grass fields.
Our overall objective was to develop a sustainable biomass production system for marginal lands of northern areas using under-exploited N sources. Our specific objective was to determine the response of an old grass field to organic and mineral N fertilization in two management zones defined by soil EC.
Materials and Methods

Delineation of management zones
The experiment was initiated on a 7 yr old degraded grass field (5 ha) at Sainte-Marie-de-Beauce, QC, Canada (Lat. 46°27′N; Long. 71°02′W). In 2008, a sampling grid of 60 points (30 m × 30 m) was established to characterize the spatial variability of soil (0-0.2 m) and crop attributes (Table 1) . Soil electrical conductivity (EC) was also measured on 5 June 2008 at two depths: 0-0.3 m (shallow) and 0-1.0 m (deep) (Lund et al. 1999 ) with the Veris 3100 mapping unit (Veris Technologies, Salina, KS). Data were collected on parallel transects spaced approximately 4 to 6 m apart on a 1 s interval, corresponding to a measurement every 2 to 3 m. Data density was about 813 points ha −1 . A global positioning system (GPS) unit (AgGPS 124/132, Trimble Navigation Limited) provided spatial coordinates (longitude, latitude, and altitude) for each soil EC measurement. Outliers (<2%), that is, values greater or smaller than two standard deviations, were excluded. A soil survey was conducted on 15 sampling sites selected using the digital elevation model and the soil EC map. Soil texture in the surface layer (0-0.2 m) of the 15 sampling sites varied from sandy loam to fine sandy loam. Soils were formed on till deposit and are classified as Humo-Ferric Podzol (HFP) and Humic Gleysol (HG). Two main soil series were identified: BoisFrancs (HFP) and Norbertville (HG), and they differed mainly by their drainage characteristics (Lamontagne et al. 2010) . The Bois-Francs soil series is moderately well drained to imperfectly drained, and the Norbertville soil series is poorly to very poorly drained. Soil EC smaller than 1.50 mS m −1 characterized the HFP management zone, while soil EC greater than 1.50 mS m −1 characterized the HG management zone (Fig. 1 ).
Experimental design, treatments, and measurements
The 5 ha field was divided into four blocks, each divided in four strips to accommodate four fertilization treatments in 2009 , 2010 . Each strip had a width varying from 8 to 10 m and a length varying from 120 to 150 m. The target N rate was 160 kg total N ha −1 applied in the spring as either MB (12 a <15%, weak variability; 15%-35%, moderate variability; 35%-50%, strong variability; 50%-100%, very strong variability, and ≥100%, extremely strong variability (Nolin and Caillier 1992) . b DM yield is the total of two cuts, while all other attributes are the average of two cuts weighted on the DM yield at each cut. The contribution to DM yield of the main species expressed in percentages. application rates. No P and K fertilizers were applied. Average daily temperatures and total rainfall in the four summer months of the four years of the study along with 30 yr averages are presented in Table 3 .
Forage DM yield was measured twice each year on 6 July and 2 Sep. Composite samples of three soil cores taken within a 1 m radius of the sampling point were frozen until analysis. The moisture content was measured after oven drying at 105°C for 24 h (Topp et al. 2007 ). Soil NO 3 -N was extracted by shaking 2.5 g field-moist samples with 25 mL 2M KCl for 30 min on a reciprocal shaker, and then filtered through VWR qualitative no. 410 filter paper (Maynard et al. 2007 ). The NO 3 -N in the extracts was measured using a liquid chromatograph on a Dionex 4000i equipped with Ion Pack CG5 and CS5 columns (Dionex Corp., Sunnyvale, CA). The concentration of NO 3 -N was converted to units of kg ha −1 using soil bulk density measured in triplicate in each block.
Chemical analyses
Soil samples were air-dried and sieved to 2 mm prior to analysis. Soil pH was measured in a 1:1 soil to water ratio (Hendershot et al. 1993 ). The P, K, Ca, and Mg were extracted by the Mehlich-III solution (Tran and Simard 1993) and Table 3 . Average daily temperature a and total rainfall in four summer months of the four years of the study along with 30 yr averages determined by flame emission (K) or atomic absorption spectrometry (Perkin Elmer 3300, Überlingen, GER). Total soil C and N concentrations were determined by dry combustion with an Elementar CN analyzer (Elementar, model Varian Macro CN, Hanau, Germany). Nitrogen in ground forage samples were extracted using a method adapted from Isaac and Johnson (1976) . Samples of 0.1 g were mineralized using a mixture of sulphuric and selenious acids. Nitrogen was quantified with an automated continuous-flow injection analyzer using the method 13-107-06-2-D (Model QuickChem 8000, Lachat Instruments, Loveland, CO). Nitrogen uptake was calculated as forage DM yield multiplied by N concentration. The apparent N recovery was then calculated as: ÂÀ N uptake with treatment
Data analysis
Descriptive statistics of soil and crop attributes in 2008 were computed with PROC MEANS of SAS software (SAS Institute, Inc., Cary, NC; Version 9.3) and their spatial structure was determined by a geostatistic analysis based on semivariogram parameters with the ESRI ArcGIS 10.1 geostatistical analyst software. The proportion of sample variance explained by spatial structure in the data was given by C/(C + C 0 ) where C + C 0 is the sill semivariance (semivariance at which spatial dependence ceases) and C is the spatial structure semivariance (semivariance which may be explained by spatial dependence of samples). The ratio of the spatial structure semivariance to sill [C/(C 0 + C)] (Whelan and McBratney 2000) was used as a criterion for classifying the spatial dependence of the soil attributes. Soil and crop attributes of the two soil EC-derived management zones (HFP and HG) in 2008 were compared statistically using the unpaired Student's t test (Proc TTest; SAS Institute, Inc., Cary, NC; Version 9.3) for normally distributed parameters and the Wilcoxon Mann-Whitney (Proc npar1way; SAS Institute, Inc., Cary, NC; Version 9.3) test for nonnormally distributed data. Data at each cut and seasonal values for each year with the fertilization treatments (2009, 2010, and 2011) were analyzed by analyses of an unbalanced design using regression with the GENSTAT 14 statistical software package (VSN International 2011). Treatments and management zones were considered fixed effects and blocks were considered a random effect.
Results and Discussion
Within-field variability and management zones Soil attributes measured in 2008 varied greatly with coefficients of variation indicating a range in variability from weak for soil pH (5.37-6.94) to very strong for contents of soil available P (21-373 kg ha −1 ) and K (40-340 kg ha −1 ) ( Table 1 ). This range in soil available K and P contents corresponds to a wide range of soil fertility classes according to regional fertilizer recommendations (CRAAQ 2010) . Similar values of coefficient of variation were reported by Di Virgilio et al. (2007) from a study of the variability of a 5 ha grass field that also used 60 sampling points. The range in soil available K, Mg, and Ca contents was similar to that reported in a forage field of eastern Canada (Gagnon et al. 2003) . The DM yield varied greatly within the field (3.18-10.70 Mg ha −1 ) with a coefficient of variation (23%) similar (22%) to that reported in the study of Gagnon et al. (2003) conducted in a forage field of eastern Canada (Table 1 ). In switchgrass grown in Italy, the coefficient of variation for DM yield within a 5 ha field was 30% (Di Virgilio et al. 2007 ). The number of species (3.0-8.4) also varied within the field as well as the proportion of the three main species. The wide range in DM yield and botanical composition suggests that biomass production in an old grass field is strongly affected by soil variability. The DM yield variability also suggests that the average DM yield (6.9 Mg ha −1 ) from that field was much less than its climate-driven potential of around 10.7 Mg ha −1 , the maximum observed value. In the same region, simulated potential DM yields of timothy (Phleum pratense L.) ranged from 7 to 10 Mg ha −1 (Jing and Bélanger 2012) .
Our results confirm the large within-field spatial variability in forage DM yield, botanical composition, and soil nutrient availability of old grass fields. This large field spatial variability suggests that nutrient requirements may vary widely within a field and that management zones could potentially improve nutrient use efficiency. The two management zones, defined using soil EC data, significantly differed in some soil and crop attributes (Table 4 ). The HFP zone was characterized by significantly higher contents of organic matter and sand, lower soil pH, lower contents of silt and available Ca (Table 4) , and a greater seasonal DM yield in 2008 than the HG zone. Drainage was also one of the main differences between the two management zones. Effective management zones should have homogenous and contrasting soil attributes and temporally stable yield potential (Cambouris et al. 2006 ).
Response to fertilization and management zones Dry matter yield
Nitrogen fertilization either in mineral or organic form (LSM, MB) significantly increased seasonal DM yields in the three years of the study (Table 5) . Seasonal DM yield in absence of N fertilization was 75% in 2009, and 56% in 2010 and 2011 of that with mineral fertilization. Yearto-year variations in the response of grass fields to N fertilization are common. In a study with timothy conducted over three years in the same area, seasonal DM yield without applied N ranged from 60% to 100% in a loam soil and from 50% to 62% in a sandy loam compared to that with an application of 120 kg N ha −1 (Chantigny et al. 2007 ).
Both sources of organic fertilization resulted in DM yield close to that obtained with mineral fertilization. Seasonal DM yield with the liquid manure was, however, slightly greater than that with the municipal biosolid (92% to 102% vs. 78% to 93%) when compared with the treatment with mineral fertilization. Averaged across three years, seasonal DM yields were 61% with no N applied, 87% with MB, and 95% with LSM of that with mineral fertilization. Our results with LSM applied to an old grass field confirm those reported by Warman (1986) and Chantigny et al. (2007) for LSM applied to young (<4 yr) grass fields in the same area. Liquid swine manure is, therefore, an alternative to mineral fertilizers for both young and old grass fields. Sewage sludge was reported to be an effective source of N for forage grass production (Warman 1986 concluded that there is significant potential for using MBs as part of a fertilization program of perennial grass species for bioenergy production in Florida. Our results confirm that MBs can be a valuable source of N for the production of perennial grasses from old grass fields to be used as a source of biomass in northern areas. The seasonal DM yield response and the DM yield response at each cut to the fertilization treatments did not differ for the two management zones as indicated by the non-significant interaction between fertilization treatments and management zones ( Table 5 ). The two management zones significantly affected DM yield at the first cut in 2009 and 2010, and seasonal DM yield in 2010 with greater DM yields in the HG management zone than in the HFP management zone (Table 5 ). The difference in DM yield, however, was relatively small (<0.64 Mg DM ha −1 ) and might not have been large enough to affect the response to N fertilization. This response of management zones in the three years of the fertilization treatments was different than that observed in 2008 when seasonal DM yield was greater in the HFP management zone (7.21 Mg DM ha −1 ) than in the HG management zone (6.32 Mg DM ha −1 ). This might be explained by differences in precipitations in relation to the drainage characteristics of the two management zones.
Precipitations from May to August were 30% above normal in 2008 (Table 2) and DM yield was greater in the management zone with better drainage characteristics (HFP) ( Table 4 ). In 2010, however, precipitations were 17% below normal and DM yield was greater in the management zone with poor drainage characteristics (HG) ( Table 5 ). This result indicates that temporal variability due to climatic conditions has a greater impact on DM yield than spatial variability accounted for by soil EC-derived management zones. The DM yield response to the fertilization treatments in this study was not dependent on EC-defined management zones. Similar results were reported for irrigated corn (Schepers et al. 2004 ). In our study, we chose soil EC to delineate management zones because measurements are easy to make and inexpensive, and temporally stable. Soil EC successfully captured some yield and soil attribute variability but this variability was not sufficient to affect N management (Table 4) . Other soil attributes showing a spatial component could have been used to delineate management zones within this old grass field. The geostatistical analysis of soil attributes in 2008 indicated a moderate to strong spatial structure of soil pH, organic matter content, particlesize fraction, and altitude with a spatial structure semivariance to sill [C/(C 0 + C)] (Whelan and McBratney 2000) greater than 50% (data not shown). Total N and soil available P, K, Ca, and Mg, however, did not have any spatial component.
The average seasonal biomass DM yield measured in this old grass field in the four years of this study (6 to 7 Mg ha −1 ) is similar to that reported for old timothy swards (Bélanger et al. 1989; Jing and Bélanger 2012) when sufficient N, P, and K were available. Biomass DM yield approaching 8 Mg ha −1 and a timothy contribution to DM yield of up to 95% were still obtained after 25 yr of balanced N, P, and K fertilization in a study conducted with timothy in New Brunswick (Bélanger et al. 1989) . Our results confirm that old grass fields can maintain a reasonable productivity over several years if fertilized properly. In comparison, switchgrass (Panicum virgatum L.), a perennial warm-season grass species mostly dedicated for biomass production and grown in the same region, yielded up to 12 Mg DM ha
in a one-cut system in the fourth post-seeding year (Massé et al. 2010) . Reed canarygrass (Phalaris arundinacea L), a cool-season grass species recommended in eastern Canada and also considered as having potential as a biomass crop, yielded up to 11 Mg DM ha −1 in a one-cut system in the first two post-seeding years (Massé et al. 2011) . Although switchgrass and reed canarygrass appear to be more productive than old grass fields that were initially seeded for forage production, their longterm productivity in northern areas remains to be determined.
Residual soil nitrates
The fertilization treatments significantly affected the residual soil NO 3 -N content in all three depths in 2010 and 2011 but not in 2009 (Table 6 ). The residual soil NO 3 -N content in both 2010 and 2011 was generally greater with the mineral fertilizer than with the MB and LSM. When combined over the 0 to 0.60 m depth and averaged across the three years, the residual soil NO 3 -N content was the greatest with the mineral fertilizer (178 kg NO 3 -N ha ). The MB and LSM resulted in similar values of residual soil nitrates, most likely because the rates of rapidly available N applied were similar for both organic sources. In British Columbia, the extractable soil inorganic N (0-0.6 m), mostly nitrates, at the end of the grass growing season never exceeded 90 kg ha −1 even with N fertilizer applications up to 400 kg N ha −1 (Bittman and Kowalenko 1998) . In Belgium, residual soil (0-0.9 m) NO 3 -N values in the fall were well below 90 kg NO 3 -N ha −1 when no N was applied to grazed swards but reached as high as 289 kg NO 3 -N ha −1 when 400 kg N ha −1 yr −1 was applied (Nevens and Rehuel 2003) . A maximum of 90 kg NO 3 -N ha −1 in the soil profile of 0-0.9 m was set as a reasonable upper limit on residual postharvest in Belgium (Nevens and Rehuel 2003) . Our values, including that of the unfertilized control, were above this limit and might result in nitrate leaching. Humphreys et al. (2008) in Ireland, however, found no relationship between NO 3 -N concentrations in groundwater and soil mineral N during winters in grasslandbased systems of dairy production. Further research is required to determine if the relatively high soil NO 3 -N concentrations observed in the fall in our study are likely to result in groundwater contamination or other N losses. The response of residual soil NO 3 -N content did not differ for the two management zones as indicated by the non-significant interaction between fertilization treatments and management zones (Table 6) . Furthermore, management zones did not affect the residual soil NO 3 -N content. This result suggests that management zones are not an effective tool to reduce the residual soil NO 3 -N content and the potential of N leaching in old grass fields. Fertilization treatments and management zones did not significantly affect the residual soil NH 4 -N content (data not shown).
Nitrogen recovery
The apparent N recovery was significantly affected by the fertilization treatments in 2010 and 2011 but it was not affected by the management zones and by the interaction between fertilization treatments and management zones (Table 7) . In 2010 and 2011, the apparent N recovery was significantly greater with the mineral fertilizer (67% and 59%) than with the two organic N sources and it was greater with the liquid manure (34% and 47%) than with the municipal biosolid (22% and 38%). Averaged across 3 yr, the apparent N recovery with the liquid swine manure (38%) and the municipal biosolid (27%) was less than with the mineral fertilizer (51%). Similar differences among the same three types of N sources were reported in a study with timothy in Nova Scotia (Warman 1986) . In another study with timothy in Quebec, the apparent N recovery averaged across 3 yr and two soil types ranged from 19% to 80% with a mineral fertilizer, while that with liquid swine manure was less with a range of 17% to 52% (Chantigny et al. 2007 ). In Vermont (USA), the apparent N recovery was greater Table 6 . Soil NO 3 -N measured in the fall as influenced by four fertilization treatments and two management zones. Probability values for the effects of fertilization treatments and management zones along with their interaction are also presented. Least significant difference (LSD) for comparing means within a factor at a statistical significance of P ≤ 0.05. Least significant difference (LSD) for comparing means within a factor at a statistical significance of P ≤ 0.05. Bélanger et al. for mineral N fertilizers (∼75%) than for liquid dairy manure treatments (∼25%-30%) (Carter et al. 2010 ). Differences in apparent N recovery between the mineral and organic N sources could be due to the presence of organic N in the liquid swine manure and the municipal biosolid along with the potentially greater NH 3 volatilization with organic N sources than with a mineral fertilizer (Chantigny et al. 2007 ). The greater apparent N recovery of the liquid swine manure compared with the municipal biosolid can be explained by its lower rate of total N application. Our results confirm that, for old grass swards, N derived from LSM and MB is less available to plants than that of mineral fertilizers. As well, EC-derived management zones did not improve the apparent recovery of N and N use efficiency in this old grass field.
Botanical composition
The number of species was not significantly influenced by the fertilization treatments in the first year (2009) of their application (Table 8 ). In 2010 and 2011, however, the absence of N fertilization caused an increase in the number of species in both management zones. By 2011, the unfertilized treatment had 7.4 species at the first harvest, while treatments with a N application had between 4.6 to 5.5 species. Our results confirm that high soil fertility favors grasses and limits the maintenance of high diversity mixtures as previously reported (Pywell et al. 2003) .
The main species was bluegrass (Poa pratensis L.) and its contribution to DM yield in all three years was more than 50% at the first harvest (Table 8 ). The contribution of timothy to DM yield was between 10% and 30% at the first harvest, while quackgrass (Agropyron repens (L.) Beauv.) contributed between 0% and 23%. The contribution of other species, including dandelion (Taraxacum officinale Weber), white clover (Trifolium repens L.), and alfalfa (Medicago sativa L.) to DM yield was relatively small (<9%) at the first harvest but contributed between 4% and 30% at the second harvest (data not shown). Mangan et al. (2011) concluded that the productivity of polycultures was a function of one or two predominant species in the mixture. Even in the highest diversity treatment in their study conducted in Minnesota, between 27% and 91% of the biomass came from a few predominant species.
At the first cut, the treatment with LSM favoured timothy compared with treatments with mineral fertilization and MB, and it resulted in a lesser presence of quackgrass and bluegrass mostly in 2011 (Table 8) . Conversely, mineral fertilization and fertilization with MB favoured quackgrass at the expense of timothy. Dandelion was mostly present at the second harvest and its contribution to DM yield was greater with the liquid manure and control treatments than with the organic fertilization treatments (data not shown). In a timothy fertilization study over 25 years, low levels of K application and high levels of P application favoured bluegrass, while increasing K fertilization decreased the proportion of bluegrass and increased the proportion of timothy (Bélanger et al. 1989 ). More P and less K were applied with MB than with LSM and this probably explained the greater presence of bluegrass and the lesser presence of timothy with MB treatment (Table 2) . Bélanger et al. (1989) also concluded that a balanced application of N, P, and K in a ratio of 4:1:3 was critical for the long-term productivity of a timothybased sward. In our study, LSM was closer to that balance than MB. This should be kept in mind if long-term applications of organic N sources are considered.
Our results confirm that the application of organic amendments affects the botanical composition of old grass fields. Bork and Blonski (2012) reported that increasing rates of LSM led to relatively minor but nonetheless detectable changes in botanical composition in prairie grasslands. In Colorado, Sullivan et al. (2006) concluded that applications of biosolids at relatively low rates can have significant long-term effects on plant community species richness and structure in semi-arid grasslands.
Conclusions
Our results confirm that municipal biosolids and liquid swine manure can be valuable sources of N for biomass production from old grass fields in northern areas and that EC-derived management zones are unlikely to improve N management in similar field situations.
